R

4l UNIVERSITY
ates OF TURKU

This is a self-archived — parallel-published version of an original article. This

version may differ from the original in pagination and typographic details.

When using please cite the original.

ORIGINAL
ARTICLE
(CITATION)
YEAR

DO

THIS
VERSION

S. Sheludiakov, D. M. Lee, V. V. Khmelenko, Yu.
A. Dmitriev, J. Jarvinen, J. Ahokas, and S. Vasiliev
-Phys. Rev. B 105, 144102

2022, April 12th

https://doi.org/10.1103/PhysRevB.105.144102

AAM


https://doi.org/10.1103/PhysRevB.105.144102

Purely spatial diffusion of H atoms in solid normal and para-hydrogen films

S. Sheludiakov
Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, PA, 15260, USA

D.M. Lee and V.V.Khmelenko
Institute for Quantum Science and Engineering, Department of Physics and Astronomy,
Texas AEM University, College Station, TX, 778483, USA

Yu. A. Dmitriev
Ioffe Institute, 26 Politekhnicheskaya, St. Petersburg 194021, Russian Federation

J.Jarvinen, J. Ahokas, and S. Vasiliev
Department of Physics and Astronomy, University of Turku, 20014 Turku, Finland
(Dated: June 28, 2022)

We present an experimental study of quantum diffusion of atomic hydrogen in solid Hs films at
temperatures below 1K. The atoms are generated via electron impact dissociation by running a
continuous rf discharge above the film for long (up to 30 days) times. We are able to distinguish
between the diffusion of the atoms moving towards each other followed by recombination from
the pure spatial diffusion driven by the density gradient. We found that in both cases the flux
of phonons generated by the discharge above the surface of molecular film is essential to observe
the slow diffusive motion. We obtained rates of pure spatial diffusion of H atoms in normal (75%
ortho, 25% para) Hy films which were 2 orders of magnitude faster than those obtained from the
H atom recombination, the quantity used in all previous work to characterize the mobility of H
atoms in solid Hyo. We investigated influence of the film thickness and its ortho-para composition on
recombination and pure spatial diffusion. For thin enough films of 0.16 ym we observed complete
diffusion of the H atoms through the entire film thickness. We observed peculiar behavior of the
samples with o-Hs concentration below 5%. The recombination rate in these samples was an order
of magnitude faster while the rate of spatial diffusion was somewhat slower than in films containing
larger o-Hz concentrations. The rate of production of H atoms in the low o-Hs samples turned out to
be an order of magnitude larger. We discuss possible explanation of these somewhat contradictory

observations.

I. INTRODUCTION

Hydrogen is the lightest and simplest among the ele-
ments. Along with solid helium [1, 2] and molecular hy-
drogen isotopes [3]|, hydrogen atoms embedded in solid
Hs represent a class of so-called quantum crystals, the
only solid-state systems where atomic and molecular dif-
fusion does not freeze out even at temperatures below
1K.

At low temperatures, atomic diffusion in quantum
crystals proceeds via tunneling when an atom propagates
through a periodic matrix potential [4, 5]. Tunneling
in this case is characterized by a certain band associ-
ated with the atomic zero-point energy. The ideal case
of resonant tunneling when the potential perturbation is
smaller than the tunneling bandwidth was staged and
extensively studied in assemblies of cold atoms in opti-
cal traps [6-9]. For atoms in real crystals, the tunneling
bandwidth is much smaller than the energy level mis-
match caused by lattice imperfections, and the tunneling
rate becomes highly susceptible to perturbations of the
matrix potential. As a result, tunneling diffusion slows
down significantly near the crystal imperfections when
the resonant tunneling regime is not effective anymore.
The energy level mismatch caused by the lattice defects

can be compensated by phonons. A similar regime of
photon-assisted tunneling is also known for other tun-
neling systems such as quantum dots [10]. For quantum
crystals at T" ~1 K, the diffusion rate acquires a charac-
teristic linear dependence on temperature [4, 5.

Helium atoms diffuse through the lattice by inter-
changing their positions with the adjacent atoms [11].
The diffusion rate of 3He atoms in solid *He was es-
timated in a number of NMR spin-echo measurements
with a linear dependence of the diffusion rate on 3He
atom concentration at temperatures below 1K [12].

Similar to helium solids, an even lighter atomic species,
a hydrogen atom, embedded in solid Hs remains mobile
and diffuses through the lattice at temperatures below
1K. Unlike diffusion of helium atoms in the solid heli-
ums, the H atom diffusion in solid Hs at T'<1 K proceeds
through a repetition of the most elementary chemical re-
action H+Hy=H5+H [13, 14] when a single H atom inter-
changes position with an H atom of the neighboring Ho
molecule without a vacancy formation. The diffusion of H
atoms in solid Hy is conventionally detected and probed
through their recombination back to Hy molecules using
electron-spin resonance (ESR). In this process, two hy-
drogen atoms first approach each other to occupy neigh-
boring lattice sites and then recombine. As a result, the
H atom diffusion rates obtained in recombination mea-



surements are biased by the slower H atom diffusion at
small H-H distances and do not provide a pure tunneling
rate when H atoms move through the Hy matrix poten-
tial far from other unpaired hydrogen atoms. Due to a
stronger van-der-Waals interaction and a completely dif-
ferent diffusion mechanism, the H atom diffusion in solid
Hy proceeds much slower [15] as compared with that of
3He atoms in solid “He. This makes measurements of a
pure H atom spatial diffusion in solid Hy a much more
challenging task.

The studies of H atom quantum diffusion in solid Hsy
began in the 1980s when the recombination measure-
ments [13, 16-20] and the first attempts to measure the
pure spatial diffusion [21] were carried out. These early
studies made an important contribution to theoretical
calculations of the H+Hy—Ho+H reaction rates at ultra-
low reactant energies [22, 23|. The later recombination
studies of H atoms in solid Hy provided insight into the
role of ortho-para composition on the H atom recombina-
tion rate [24, 25| and revealed a significant deviation of
the H atom diffusion rate temperature dependence from
the linear behavior predicted for T<1K [26, 27].

Later studies utilized other approaches, such as H-
atom catalyzed ortho-para conversion in solid Hs [28, 29|
and the rates of diffusion-limited chemical reactions of H
atoms with simple organic and inorganic molecules [30-
32]. These studies provided new and important informa-
tion on quantum diffusion of H atoms but were unable to
obtain the pure H atom spatial diffusion rates.

In our previous work [15], we carried out the first mea-
surement of a pure H atom spatial diffusion in solid Hy
at T=0.7K. We made two different measurements of H
atom diffusion in the same experiment: the one based
on H atom recombination and the other on H atom dif-
fusion based on their propagation into the film bulk. In
our experiments, we stimulated the H atom diffusion with
phonons created in the Hs film by running an rf discharge
above the top surface of our Hy samples. We observed a
two order-of-magnitude faster pure H atom spatial diffu-
sion rate as compared to that obtained from the H atom
recombination.

In the present work, we provide further insight by car-
rying out H atom diffusion measurements for Hs films
of different thicknesses and ortho-para content. We ob-
served an order of magnitude higher accumulation rate
of H atoms in para-Hy (p-Hs) samples as compared to
that in the Hy films with an initial normal (n-Hs) ortho-
para content. In addition to that, we found out that
the pure H atom spatial diffusion in n-Hy samples pro-
ceeds slightly faster than in p-Hs samples of the same
thickness. For the thinnest films of 0.16 um we observed
complete diffusion of a high density front through the
whole sample thickness reaching the substrate under the
film. We propose possible explanations for the observed
phenomena.
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Figure 1. Sample cell schematic.

II. EXPERIMENTAL SETUP

The experimental setup is based on a commercial Ox-
ford 200 dilution refrigerator. The sample cell (SC) is
attached to the refrigerator mixing chamber and also lo-
cated at the center of a 4.6 T superconducting magnet
[33] (Fig.1). The main SC volume contains an open de-
sign Fabry-Perot resonator coupled to a 128 GHz Elec-
tron Spin Resonance (ESR) spectrometer [34] through a
waveguide assembly. The top spherical ESR resonator
mirror is made of silver plated polycrystalline copper,
while the flat bottom gold-plated mirror also acts as the
top electrode of a quartz microbalance (QM). We, there-
fore, simultaneously measured the Hs film thickness by
the QM and detected H atoms in the films by means of
ESR.

We created the samples of H atoms in solid Hs as fol-
lows. First, we deposited a solid hydrogen film onto the
QM top electrode either directly from a room tempera-
ture gas-handling system or we recondensed it at even
a smaller rate from a specially arranged chamber, the
dissociator, thermally insulated from the SC body by a
stainless steel tubing assembly (see Fig.1). In both cases
the Hs films were deposited at a small rate of ~ 1 mono-
layer/s for a substrate temperature of 0.5-1 K.

Normal composition molecular hydrogen was con-
densed into the dissociator at the beginning of the exper-
imental run and kept there for the time of over 3 months
during which four samples (sample 1, 3, 4, and 5 in Ta-
bles I and IT) were created by re-depositing the Hy stored
in the dissociator. Our estimates of the initial ortho-
concentration after deposition are based on the natural



conversion rate, as will be explained in details later. Due
to the very slow deposition rate we were able to create
polycrystalline molecular films with high homogeneity
crystal field experiences by embedded H atoms, as ver-
ified by numerous previous experiments using ESR and
ENDOR |[27, 35]. After creating the H, film, we kept the
SC temperature at 7T=0.7 K, condensed about 5 gmole of
helium gas into the SC, and started the rf discharge in the
vicinity of the deposited Hs films by applying short res-
onant rf pulses to the HNMR coil (Fig. 1). The electrons
created during the SC discharge bombarded the Hs films
and dissociated a fraction of hydrogen molecules there,
thus giving rise to the number of H atoms in solid Hs
films which we detected by the ESR method. We ran
the rf discharge in the SC continuously for all samples
we discuss. This way continuous dissociation in the film
provided a source of atoms with a constant rate over a
long measurement time. In addition, a continuous flux
of phonons in the films was generated, which facilitated
a faster motion of the atoms in the Hs crystals. Our
previous attempts to observe pure spatial H atom dif-
fusion without the phonon flux generated during the rf
discharge appeared to be unsuccessful.

Along with the helical resonator in the SC, we also ar-
ranged a small rf resonator in the hydrogen dissociator
chamber (Fig.1). By running the rf discharge in the dis-
sociator, we created a flux of atomic hydrogen gas into
the SC volume. We used ESR spectra of gas-phase hy-
drogen atoms to calibrate the areas under the ESR lines
of H atoms in solid Hy to find an absolute number of H
atoms in the solid hydrogen films we studied [15].

The ESR spectrum of atomic hydrogen consists of two
lines separated by 507 G in the experimental field of 4.6 T
(Fig. 2). We sweep magnetic field in the vicinity of these
two transitions to resolve their shapes and structures as
well as integrals and widths. The widths of H atom ESR
lines at high densities are determined mostly by a concen-
tration dependent contribution from the dipole interac-
tion between electron spins [27, 36]. We use this broaden-
ing effect for evaluation of the average density of H atoms.
ESR line integrals are in turn proportional to the total
number of H atoms in the films. As we observed in our
previous work and present here, diffusion of atoms leads
to an appearance of two regions along the film thickness
with high and low local concentration of atoms. This is
seen as a double peak structure of ESR lines. Making
double fit of the ESR lines we evaluate local densities in
these regions via the above-mentioned dipolar broaden-
ing effect. For most of the spectra presented here, the
contribution of the low density region can be neglected
and it is sufficient to plot an average density evaluated
from the Lorentzian fit of the ESR line. Using a total
number of atoms extracted from the ESR line integrals
we evaluate the effective depth of the H rich layer and
measure its evolution during experiment.
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Figure 2. ESR spectra of H atoms in solid Hs for different
samples: the low-field (H,) and high-field (H;) ESR lines of
H atoms measured in 2.5 ym thick n-H, Sample 1 after 2 days
(al) and 7 days of running the discharge (a2), in 2.5 ym thick
p-Hz Sample 6 (bl and b2, respectively), and in 0.16 pum thick
Sample 8 (cl and c¢2, respectively). The line models used to
fit the spectra measured for samples 1, 6, and 8 are shown
with solid red, blue, and brown lines, respectively.

I1II. EXPERIMENTAL RESULTS

In this work, we investigated the factors that might
affect the pure spatial H atom diffusion in solid Hy first
studied in our previous work [15]. We analyzed the in-
fluence of initial ortho-para content, Hy film thickness,
H atom concentration, and the rf discharge power on H
atom diffusion. We included in this paper the results of
investigations of three previously studied Hy samples [15]:
2.5 pm normal (75% ortho, 25% para) Hs films (samples 1
and 2) and a 0.65 pm thick n-Hy film (Sample 3) prepared
from n-Hy gas stored in the dissociator for 40 days, so we
estimated the initial p-Hs fraction in the film to be ~95%
considering an o-p natural conversion rate K —0.019 h~!
[37]. In addition, the following samples were prepared
and studied to complement our earlier results. Sample 4
was a 0.2 um thick Hy film made from Hs stored in the
dissociator chamber for two months. For this sample,
we estimated that initial ortho-para content was reduced
from 75% to about 3% (97% para) by natural ortho-para
conversion [37]. Sample 5 was a 0.65 pm thick film made
of Hy gas with 98% p-H, fraction. Sample 6 was a 2.5 ym
thick para-Hs film which was made from Hy converted in



Sample 1[15] 2[15] 3[15] 7 8

Description 2.5 pm n-Hp 2.5 um n-Ho 0.65 um 95% p-Ho 2.5 pm n-Hp 0.16 pm n-Ho
Symbols red circles |cyan triangles down | magenta diamonds light-green asterisks brown stars

T(K) 0.67 0.67 0.67 0.6 (same discharge power) 0.67

zo (nm) 80(20) 80(20) 80(20) 60(15) 60(15)

to (h) 20(7) 20(7) 22(7) 42(14) 18(6)

D? (x107 " em?s~ )|  1.5(5) 1.5(5) 1.3(5) 1.7(6) 1.5(5)

DI (x107® ecm?s™ )| 0.4(1) 0.3(1) 0.3(1) 0.3(1) 0.3(1)

n (x10" cm™?) 1.3(1) 1.3(1) 1.4(1) 1.0(1) 1.2(1)

k(x10™em3s™ 1) 0.6(2) 0.5(2) 0.5(2) 0.3(1) 0.4(1)

EZ(x10~*°cm®s™ 1) 1.8 (6) 1.5(5) 1.3(4) 0.9(4) 1.4(4)

Table 1. Parameters for H-atom diffusion obtained for n-H, samples and 95%-p Hs (initial o-p composition) sample studied

in this work and previous work (samples 1-3) [15] using a fitting function x = zo +

2D%(t — to). Here ¢ is the depth for

creation of H atoms by direct dissociation of Hs atoms by electron bombardment. ¢o is time when the H-atom diffusion starts
contributing to the propagation of the H-atom rich layer into the Hy film bulk. D? is the pure spatial diffusion rate of H atoms
into the Ho film bulk. Dﬁl is the diffusion rate associated with the H atom recombination. n is the maximum average local
concentrations of H atoms obtained in the sample study. k is the constant H-atom production rate due to the discharge. kZ is

the recombination rate of H atoms.

Sample 4 5 6
Description 0.2 um 97% p-Ha 0.65 um 98% p-Ha 2.5 um 99.8% p-Ha
Symbols green triangles up black hexagons blue squares
T(K) 0.67 0.67 (low discharge power) 0.67
Zo (nm) 90(20) 70(15) 130(30)
to (h) 14(4) 47(15) 18(6)
D? (x107'" cm?s™ 1) 4(2) 3(2) 5(2)
DZ (x107'% cm®s™ 1) 2.4(8) 0.9(3) 6(2)
n (x10" cm™?) 2.0(1) 1.4(1) 1.3(1)
k(x10™cm?s™1) 9(3) 1.7(6) 10(3)
EZ(x10"*cm’s™1) 11(4) 4 (1) 30(7)

Table II. Parameters for H-atom diffusion obtained for Ho samples with initial p-Hz content > 97% studied in this work using

a fitting function © = xo +

2D4(t — to). Here zg is the depth for creation of H atoms by direct dissociation of Hy atoms by

electron bombardment. g is time when the H-atom diffusion starts contributing to the propagation of the H-atom rich layer
into the Hy film bulk. D¢ is the pure spatial diffusion rate of H atoms into the Hs film bulk. D¢ is the diffusion rate associated
with the H atom recombination. n is the maximum average local concentrations of H atoms obtained in the sample study. k
is the constant H-atom production rate due to the discharge. k¢ is the recombination rate of H atoms.

an ortho-para converter filled with Fe(OH)3 powder [3§]
and stored at 20 K for about 1 day. This assures conver-
sion of the initial gas to about 99.8% p-Hs since the time
constant for o-p conversion in the presence of paramag-
netic salts is of order seconds to minutes [37]. Sample 7
was a 2.5 pm n-Hy film. Finally, Sample 8 was a 0.16 um
thick n-Hs film. We used the same discharge parame-
ters and rf power for samples 1, 2, 3, 4, 6 and 8 keeping
the sample cell temperature at T=0.67 K. We ran the
discharge for Sample 5 at a 3 times lower power, but
stabilized the SC temperature at 0.67 K using an electri-
cal heater. The H atom accumulation in Sample 7 was
carried out by running the rf discharge using the same
discharge power as for samples 1-4, 6, and 8, but instead
of pure *He, we condensed 10 um of a 3He-*He mixture
to be able to sustain the rf discharge at a lower tempera-
ture, T=0.6 K. We summarize the description of samples

1,2,3,7,8 with estimated initial o-Hy content >5% in Ta-
ble I. The description of samples 4,5, and 6 with initial
o-Hy content <3% is presented in Table II.

To our knowledge, the rate of natural o-p conversion
in solid Hy was not measured at temperatures below 1 K.
Therefore, our estimates for ortho-para content in the Hy
samples 3,4, and 5 are based on the values obtained at
temperatures >1.57 K [39],[40]. Faster natural o-p con-
version at lower o-Hy concentrations [40], as well as slower
o-Hy molecule diffusion and the effects of o-Hy molecule
clustering can cause a deviation from our estimates of
the initial o-p concentrations in these samples. Thus,
the values of the initial o-Hs concentration presented for
the samples created with molecular Hy kept for a long
time in the dissociator are actually conservative upper
limit estimates of the real concentration.

We found that the H atom accumulation during the
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Figure 3. Dependence of ESR linewidth on ESR line area at
the beginning of accumulation for n-Hs Sample 1 (red circles)
and p-Hz Sample 6 (blue squares). The time scale applies to
Sample 1 only. An extra o-Hy H-atom ESR line broadening
in Sample 1 estimated as a difference between the red points
of Sample 1 and the solid fitting line is presented by red/blue
circles. An estimated o-Hsz fraction evolution in n-Hs samples
due to natural o-p conversion is presented in the figure inset
[37].

n(x 10%cm?)

||||||||||‘\|

=
S
wn
—_
—_
wn
)

Time (days)

Figure 4. Evolution of H atom average concentration, n, dur-
ing first two days of running the rf discharge in samples 1
(red circles), 2 (cyan triangles-down), 3 (magenta diamonds),
4 (green triangles-up), and 6 (blue squares). The slopes of
solid lines provide estimates for the H atom production rates,

k.

discharge consisted of two distinct stages. During the
first stage, that lasted less than one day in p-Hy Samples
4 and 6 and about four days in the n-Hy samples, the H
atom linewidth increased proportionally to the ESR line
integrals. A characteristic feature of the first accumula-
tion stage is a gradual linear increase of the average H
atom concentration proportionally to the number of H
atoms in the Hs film. In this regime, the ESR lines of H
atoms in 2.5, 0.65 pm thick films had a composite shape
and consisted of two components: a narrow component
(C1) and a broader component (C2) (see Fig.2al,2 and
Fig.2b1,2). These two components can be assigned to
two regions of different local H atom concentration re-

1 (x 10%em?)

N(x 10™)

6
Time (days)

Figure 5. a) Time evolution from linewidth of H atom con-
centrations, n, in solid Hs samples discussed in this work:
Sample 1 (red circles), 2 (cyan triangles-down), 3 (magenta
diamonds), 4 (green triangles-up), 5 (black hexagons), 6 (blue
squares), 7 (light-green asterisks) b) Time evolution of the
total number of atoms, N, in the same samples as in (a).
The first accumulation stage characterized by saturation of
H atom concentration for para and n-Hs samples is shown
with pale yellow and green large background rectangles, re-
spectively. The absence of points in (b) for Sample 7 (light-
green asterisks) is due to an ESR signal amplitude instability
at 6 days<t<13 days that did not, however, influence the
linewidth analysis needed for finding n.

gardless of their initial ortho-para composition.

During the second stage of accumulation, the ESR
linewidth of both components did not change even
though the total number of H atoms continued to grow.
We observed the development of a clear ESR line asym-
metry and an increase of the broad C2 component sim-
ilar to our previous work [15, 41]. The intensity of the
narrow C1 component did not change during the second
accumulation stage. Unlike the thicker samples, we did
not observe asymmetry in the ESR lines of H atoms in
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Figure 6. Time evolution of H atom concentration, n, (a),
total number of H atoms, N, (b) and the depth of H-atom
concentrated region obtained for Sample 8 (c). The stage of
filling the Hy film with H atoms is shaded pink. A time period
when the H atoms reached the substrate (QM) corresponds
to the white area.

0.16 um thick n-Hy Sample 8. For the sample 4 with
a 0.2 um thickness such asymmetry was barely resolved.
These lines remained Lorentzian during the whole time
of running the rf discharge (Fig.2cl and Fig. 2¢2).

The ESR lines were broadened by the dipolar interac-
tion between the H atom electron spins in both p-Hy and
n-Hs samples but had an extra contribution due to hy-
perfine interaction of H atom electron spins with nuclei
of ortho-Hs molecules in the n-H, films at the beginning
of accumulation. For the n-Hs samples 1,2,7, and 8 in
the very beginning of sample accumulation, we observed
an additional ESR line broadening caused by neighbor-
ing o-Hy molecules. This o-Hs contribution decreased
gradually and vanished nearly completely after about 25
hours of accumulation (Fig.3). We present time evolu-
tion of the estimated broadening of H-atom ESR lines
in Sample 1 due to o-Hs molecules with blue-red circles.
Natural o-p conversion in solid Hs is a two-body process
which proceeds with a rate of ~1.9%/h [37]. The pres-
ence of H atoms in Hy films enhances the o-p conversion
rate of Hy molecules in the vicinity of these atoms [28].
We present an estimate of o-Hs fraction evolution in n-Hg
due to natural conversion in the inset of Fig. 3.

In the course of running the SC discharge, we also ob-
served an unexpectedly high production efficiency of H
atoms in p-Hy Sample 6 and 97% p-Hy Sample 4. The
production rate of H atoms in these samples was about
one order of magnitude higher than in the samples made
of Hy gas of a natural ortho-para composition (Fig. 4 and
Tables I and IT). The accumulation rate in Sample 3 (95%
para-Hs) was similar to the rate for samples with a nor-
mal o-Hs content. The accumulation rate in Sample 5
(98% para-Hs) where we used a 3 times lower discharge
power was about 3 times higher than in n-Hs samples,
but about 5 times below that in p-Hs Samples 4 (97%

para-Hs) and 6 (99.8% para-Ha).

Despite a much higher H atom production rate, the
maximum average H atom concentrations in p-Hs Sam-
ples 4 and 6 did not exceed those observed for the
n-Hy samples (see Fig.5a) and reached a value of 1-
2x10' em™3. The final H-atom concentrations saturated
in half a day for the p-Hs samples and about 4 days for
the n-Hs films. Time evolution of the average local con-
centrations and total number of H atoms in samples 1-7
is presented in Figs. ba and 5b.

In the plots 5a, 6a, and 7a we present average local con-
centrations of H atoms which were calculated as weighted
contributions from the two ESR line components. Since
the C2 component areas significantly exceeded those of
Cl1 after a few days of running the discharge (Fig. 2a,
Fig. 2b, Fig. 2¢, and Fig. 7a, and Fig. 7b), we found that
a single Lorentzian fit is a simple and accurate way to de-
termine and present the weighted average concentrations
of H atoms. In this case, they are almost completely de-
fined by the C2 while C1 components contributed only
to a small deviation from the Lorentzian lineshape.

Similar to our previous work [15], we observed that the
total number of H atoms in samples 1-6 continued to in-
crease even when the average local concentrations of H
atoms saturated (see Figs. 5b, 6b, and 7b). Running the
SC discharge for 0.16 ym thick Sample 8 led to saturation
of the H atom concentration after about 4 days (Fig. 6a)
and the total number of H atoms (Fig.6b) in this sam-
ple after about 9 days. Neither the total number of H
atoms nor local concentration changed after running the
SC discharge for 6 more days.

We carried out an ESR line area calibration after
studying every sample discussed above. First, we ran
the rf discharge in the dissociator chamber to create a
flux of H-gas atoms into the SC. After accumulating H-
gas atoms in the SC, we induced their recombination and
then calculated a correspondence between the recombi-
nation heat released and the decrease of the area under
the gas-phase H atom ESR line which is proportional to
the number of recombined atoms. Finally, we were able
to calibrate the ESR line area for H atoms in solid Hy
by comparing the resonator filling factors for H atoms in
the gas phase and in the Hs films (See supplemental ma-
terial of Ref.[15]). We ran several calibration sequences
and used an average value for the further analysis. We
consider the calibration error to be about 30%.

A. Diffusion rate analysis

Previously, we observed a composite two-component
structure of H atom ESR lines in pm-thick Hs films
[15, 41]. In this work, we also studied 0.16 and 0.2 ym
thick films. We did not observe a clear deviation from
the Lorentzian lineshape for the 0.16 pm Sample 8 dur-
ing the entire sample accumulation. For slightly thicker
sample 4 small double peak structure was barely resolved.
Similar ESR lineshapes with simple one-component were
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Figure 7. Time evolution of the local concentrations, n, (a)
and number (b) of H atoms, N, corresponding to components
C1 (open blue squares) and C2 (filled blue squares) measured
in Sample 6. The inset in (a) presents the evolution of local
concentrations of H atoms in Sample 6 during the first half a
day of running the SC discharge. The units used in the inset
are the same as in the main figure. The accumulation stage
1 as described in the text is shown by yellow rectangles.
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Figure 8. Schematic representations for propagation of two
sample regions of a high and low H atom local concentration,
n, into an Hy film after the formation of the H atom high-
concentration layer. The total Hs film thickness is designated
as .

also observed for H atoms in 2.5 ym thick Hs films bom-
barded by 5.7 keV electrons created during tritium decay
[42]. We calculated that the ~100eV electrons gener-
ated during the rf discharge were able to penetrate into
the Hy film within about 100 nm [35]. The high-energy
electrons released during tritium decay pierced the entire
film and dissociated hydrogen molecules uniformly with-
out creating an H atom concentration gradient. These
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Figure 9. Dependence of the H-atom rich layer thickness
on time showing the H atom diffusion in Sample 1 (red cir-
cles), Sample 2 (cyan triangles-down), Sample 3 (magenta
diamonds), Sample 4 (green triangles-up), Sample 5 (black
hexagons), Sample 6 (blue squares), Sample 7 (light-green as-
terisks). Solid lines show a square-root fit according to equa-
tion 3.

observations support our assignment for the two ESR
line components: a high-concentration surface layer cor-
responding to the broader component (C2) and the nar-
row component (C1) corresponding to the H-atom low-
concentration region at the front of a propagating H-atom
rich surface layer (see Fig38).

In this and previous work, we observed two distinct
stages of H atom accumulation. During the first stage,
the first 1-2 days of running the discharge, the H atom
local concentration increased linearly and proportionally
to the total number of H atoms. During the second stage,
running the discharge further the average local H atom
concentrations did not increase anymore even though the
total number of H atoms in the H, films continued to
grow steadily as shown in Figs. ba and 5b. Based on the
ESR component widths, we estimated the local concen-
tration of H atoms corresponding to components C1 and
C2 as ~5x10'® and 1.5-2x10cm 3, respectively, for the
samples we studied. As an example, we present time evo-
lution of local concentrations and number of H atoms cor-
responding to both components in Sample 6 in Figs. 7a
and 7b, respectively. As described earlier, the very small
contribution from C1 allowed us to use weighted average
concentrations for analyzing and presenting the experi-
mental data.

During the second accumulation stage, the local con-
centrations corresponding to both components stopped
changing within the accuracy of our fits (see Fig. 7a). The
total number of H atoms corresponding to the narrow C1
component remained constant, whereas the total number
of H atoms forming the broader component C2 continued



to grow steadily. This observation led us to a conclusion
that the diffusion can be considered as a propagation of
a high-concentration layer front deeper into the Hy film.
The schematic representation of this process is shown in
Fig.8. An instantaneous H atom concentration in the
H, films, n(t), can be calculated by solving a differential
equation,

dn/dt =k — 2k%n?(z,t) — D4d’n/da?, (1)

where k is the constant H-atom production rate due to
the discharge, kﬁl is a recombination rate of H atoms,
and D? is a pure spatial diffusion rate of H atoms into
the bulk, where z is the thickness of the H-atom rich
layer, respectively. We calculated production rates, k,
by analyzing the beginning of the first accumulation
stage when the H atom concentration was small enough
(ng<5x10¥cm™3) and increased linearly with time, so
the contribution from the recombination and diffusion
terms to the H atom concentration change was still in-
significant. At the end of the first stage when dn/dt=0
and the diffusion contribution is still small, the produc-
tion and recombination terms become equal leading to
the equilibrium concentration

Neqg = \/ k/2k¢ (2)

that was approached with a characteristic time
7=1/4/2kk¢ |43]. From equation 2 we calculated the re-

combination rates as kf—Fk/2n2, (Tables I and II). The

diffusion rate, Df, associated with the H atom recombi-

nation can be calculated from measured values of k¢ by
using a relation D?=Fk?/4ray, where ag = 3.78 A is the
lattice constant of solid Hs.

During the second accumulation stage, the diffusion
term became responsible for a gradual increase of the
number of H atoms even though the H atom concentra-
tion in the layer stopped changing. We did not observe
narrowing of the C2 component or increase of C1 as might
be expected upon formation of the vertical H atom con-
centration gradient according to the term D%d?n/dx? of
equation 1. Since only the intensity of their broad com-
ponent increased during continuously running the dis-
charge, we concluded that no H-atom concentration gra-
dient appeared within the H-atom rich layer correspond-
ing to C2. As a result, the front of this layer first cre-
ated close to the sample surface propagates deeper into
the film bulk with a rate determined by the pure spatial
diffusion, D¢. The pure spatial diffusion rate can be cal-
culated by solving differential equation 1. In our work,
we implemented a simplified approach to finding the pure
spatial diffusion rate of H atoms. We calculated the H
atom penetration depth into the film bulk using a total
number of H atoms obtained from the ESR line area cal-
ibration, the local H atom concentration estimated from
the ESR linewidth of H atoms in solid Hy, and the known
surface area of the Hy film grown on the QM. We con-
sider that the distance the H atoms at a front of the rich

layer diffuse into the film bulk, x, can then be found from
the solution of Fick’s diffusion law for a one-dimensional
case. We tested several fitting models able to describe the
propagation of H-atom rich layer into the film bulk. We
fit the experimental data presented in Fig. 9 with square
root functions according to equation 3.

T =xo+ /2Dt — tg). (3)

Here z( describe the thickness of highly-concentrated
layer of H atoms in the H5 films formed by direct dissocia-
tion due to electron bombardment. The values obtained,
xo ~100nm agree with our estimates for the penetra-
tion depth of electrons created during the rf discharge
in our experiments [35]. to is the time for the formation
of the initial highly-concentrated layer after which the H
atom diffusion starts contributing to the propagation of
H atom-rich layer into the Hy film bulk. We also found
that variation of both zy and ¢, changes the values of D¢
within about 20%.

We also append the values for spatial diffusion reported
in our previous work [33] for samples 1-3 based on this
model. The obtained fitting parameters are presented in
Tables I and II.

The fits presented in Fig. 9 cover the points correspond-
ing to the second accumulation stage when only the pure
spatial diffusion leads to increase of the H-atom rich layer
thickness, x.

In Sample 8 we were able to observe a propagation of
the high-concentration layer through the whole volume
of the thin 0.16 yum Hs film. In this sample, both the H
atom concentration n and the number of atoms N leveled
off (Figs. 6a and 6b). We made an estimate of the H-atom
rich level thickness, x ~0.20(2) pm (Fig. 6¢). This value
is about 25% greater than the Hy film thickness measured
by the QM (0.16 um) during the film deposition. We note
that this value lies within the uncertainty of our ESR line
area calibration which is about 30%.

IV. DISCUSSION

We carried out a series of studies of the H atom pure
spatial and recombination diffusion in Hs films of dif-
ferent thicknesses (2.5, 0.65, and ~0.2 um) and different
ortho-Hy content (normal and para Hs films) and at tem-
peratures T=0.67 and 0.6 K. The investigations of spatial
diffusion in n-Hy do not show any dependence of diffu-
sion coefficient on the Hs film thickness in the range 0.16-
2.5 um. For all samples in accordance with our previous
publication [15], spatial diffusion of H atoms was more
than 2 orders of magnitude faster than that obtained
from recombination rate of H atoms (see Table I). A
similar result was obtained for Sample 3 with 95% of p-
Hs. Investigations of spatial diffusion in the samples with
high initial contents of p-Ha (95-99%) show rather differ-
ent results (see Table II and Sample 3 in Table I). De-
creasing content of o-Hy molecules below 3% led to some



unusual effects. The coefficient of spatial diffusion for H
atoms in these samples became smaller than that for the
n-Hs films, while the recombination diffusion of H atoms
in these samples increased by an order of magnitude as
compared to that observed for n-Hy samples. Moreover,
the values of D¢ obtained for samples with small initial
content of o-Hy (Samples 3 and 4) show a strong influ-
ence of o-Hy molecules on the process of spatial diffusion
in n-Hy samples. As a result, for samples studied with
a small initial concentration of o-H, molecules (<3%),
the spatial diffusion is also faster than that obtained for
recombination of H atoms in these samples but this dif-
ference is only one order of magnitude. This is probably a
result of a larger recombination diffusion rate of H atoms
in these samples.

Another new effect observed in this work is a fast ac-
cumulation rate of H atoms in the p-Hy samples which
is one order of magnitude higher than that for the accu-
mulation rate of H atoms in n-Hy samples. At the same
time, the maximum concentration of H atoms achieved in
both n-Hy and p-Hs samples were very similar, of order
(1.1-2) x10%cm 3.

We now consider possible explanations for these effects.
First, we discuss a higher production rate of H atoms in
98%p-Hy Sample 4 and 99.8% p-Hy Sample 6 (see Fig. 4
and Tables I and II) which exceeded that in the n-Hs
samples 1,2,7,8 and a 95% p-Hy Sample 3 by about an
order of magnitude. We did not observe any change of
production rate, k, due to the process of continuing stim-
ulated and natural o-p conversion of Hy molecules which
significantly decreased o-Hy content in the films during
this time interval (Fig. 3).

In our previous work on studying H atoms in solid Hy
where H atoms were created by exposing solid Hs films
to a flux of 5.7keV electrons released during tritium de-
cay [44], we also observed a higher production rate for
H atoms in para-Hs stored at T=0.15K [45]. Unlike the
present work where the discharge produced H atoms in
the surface layers ~100 nm, high-energy electrons in the
former study dissociated Hy molecules in the 2.5 pm thick
films uniformly. As a result, the H atom diffusion in
the film was limited to the mean interatomic distances
~10nm. We, therefore, suggest that a more efficient dif-
fusion of H atoms into the bulk in n-Hs samples cannot
explain faster accumulation of H atoms in p-Hs samples
observed in the present work. An independence of the
production rate on time in this work within the first 1-2
days of running the discharge also excludes the possibil-
ity for different cross-sections of p-Hs and o-Hs molecular
dissociation as well as different penetration depths of the
discharge electrons into the films. Another possibility for
a larger production rate of H atoms in solid p-Hy might be
a slower vibrational relaxation of excited Hy molecules.
In this case, an Hy molecule in p-Hs environment after
collision with an electron is excited to the dissociation
threshold and due to a longer vibrational relaxation time
may have a higher probability to split into two H atoms
instead of relaxing back to the ground vibrational state.

Kumada et al. [25] studied the recombination behavior
of H atoms in solid Hy of different ortho-para composi-
tion at T=4.2K and reported a striking dependence of
the H atom recombination rate, k,. , on ortho-Hy concen-
tration with a k, maximum at C(ortho)~8%. Smaller
k, of H atoms in Hy with o-Hy admixtures below ~8%
was explained by a possible smaller probability for re-
combination of two H atoms in the neighboring lattice
sites in pure p-Hz. The authors suggested [25] that the
presence of o-Hs molecules with a non-zero quadrupole
moment in the vicinity of an excited Hy molecule may ac-
tivate vibrational de-excitation associated with infrared
emission. This pathway is prohibited in a pure p-Hs crys-
tal [46] but can be activated by small o-Hy admixtures
of order 1%. The relaxation of vibrationally excited Hy
molecules in solid Hy was measured up to v = 3 vibra-
tional level at T' ~ 11 K and did not show a difference
in Hy molecule vibrational relaxation times for para and
normal Hy samples (both are of order us) [47]. Therefore,
the observed phenomena of different production rates in
n-Hy and p-Hs cannot be explained by different vibra-
tional relaxation rates of p-Hs and o-Hs molecules.

Since the production of H atoms during the first stage
of running the discharge is a random process, H atom
pairs generated during dissociation in an o-Hs rich envi-
ronment can temporarily become trapped there due to a
higher energy level mismatch and, thus, have a higher
probability of recombining back. On the other hand,
H atom recombination in an o-Hs molecule rich matrix
is also less efficient (see Tables I and II). Nearly equal
steady-state concentrations of H atoms in all samples we
studied may indicate that the ortho-para content in the
H-atom rich regions became the same for both these types
of samples during the second stage of running the dis-
charge corresponding to the increasing size of the high
H-atom concentration region. Further studies may pro-
vide more insight into this phenomenon.

Second, we discuss observed differences in the spatial
diffusion rate in Ho films with different contents of ortho-
Hs molecules. Intensive studies of the properties of Ho
solids at small concentrations of o-Hy were performed
by NMR (see review by Horst Meyer [48]). They re-
vealed rearrangement of the normal distribution of ortho-
molecules and formation of clusters of o-Hs is a result
of quantum diffusion in the temperature range down to
20mK [49]. It turned out that the interactions between
o0-Hs molecules of the pairs facilitate a faster conversion
rate [40]. Enhancement of the conversion rate is also
caused by a presence of other paramagnetic impurities:
Oz or H atoms [50]. A presence of free electrons in our
Hs films upon running the discharge should bring an ex-
tra conversion mechanism. Therefore, the values of the
ortho-concentration presented for our samples provide
only a rough idea of the initial conditions. One may
expect that quite rapidly the o-Hy concentration reaches
values substantially smaller than those at the start of
the discharge, and all our samples with initial the o-Ho
concentration <5% should become nearly pure para-Hs



already after few hours. However, we see drastic dif-
ference in the properties of Sample 3 from the rest of
the para-rich Hy samples with smaller than 5% initial
concentration. This observation suggests that this differ-
ence appears at the initial stage, during deposition of the
molecular films.

It is known that below 1K, solid molecular hydrogen
undergoes a phase transition from the fcc to hep lattice at
0-Hy concentrations around 55% [51]. In the case of thin
films studied in this work, one may expect that due to the
influence of the substrate, different lattice structures are
formed for samples with o-Hy concentration as low as 5%.
Quantum diffusion of H atoms in the lattice of Ho may
depend on the direction of the tunneling motion in the
crystal. An anisotropy of the diffusion of o-Hs impurities
in the hcp lattice was observed in the NMR studies of
this system [49]. For the diffusion of H atoms in our
films, it may turn out that in high purity p-Hs crystals
diffusion parallel to the surface of the film is substantially
faster than that in the direction perpendicular to the film.
This will lead to a faster recombination and larger k.,
as we observed for all samples with o-Hs concentration
below 5%. A factor of two smaller diffusion coefficients in
the perpendicular to the surface direction found for these
samples may be explained by different types of the lattice
than in the samples with larger o-Hy concentrations.

Furthermore, higher H atom mobility in a pure p-Hs
environment may also explain the faster accumulation
rates k, for Samples 4 (97%-p) and 6 (99.8%-p). In a uni-
form p-Hs matrix, two H atoms produced after the Ho
molecule dissociation by electron impact have a higher
probability to move apart from each other without re-
combining back and forming an Hy molecule as compared
with a more distorted matrix with a high o-Hy content.
Higher mobility of H atoms in a p-Hy matrix free of o-Hg
impurities also promotes their faster recombination. The
H atom production rate term, k, in equation 1, dominates
when the recombination term is small, and the recombi-
nation term compensates it at higher H atom concentra-
tions.

The samples we studied in this work had H atom con-
centrations of order 1.5x10'cm™3. We observed the low-
est diffusion rate for Sample 4 with the highest average
H atom concentration obtained, 2x10"%ecm™3. On the
contrary, the highest diffusion rate was observed in Sam-
ple 7 with the smaller value of the maximum average
local concentration of ~1x10cm™3. Despite large er-
ror margins, these observations may serve as preliminary
evidence for H atom self-localization similar to that for
3He atoms in solid “*He [12] and H atoms in solid Hy with-
out running the discharge [27] in a comparable period of
time. However, unlike solid helium mixtures where the
3He admixture can be easily controlled, we were unable
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to find steady-state conditions for studying pure spatial
diffusion of H atoms in solid Hs while running a discharge
able to sustain the H atom concentrations ~10'8 or be-
low. We will continue to search for such a regime in our
future studies.

A presence of the continuous flux of phonons resulting
from the discharge is important for accelerating the re-
combination and diffusion in the samples. As we pointed
out, no spatial diffusion could be detected without run-
ning the discharge. The H-atom recombination clearly
slowed down (see Tables I and II) for a low-discharge
power Sample 5 as compared with Sample 6. This ef-
fect, however, may have different strength in the samples
with different o-Hs concentrations. Remaining ortho-
impurities move towards each other and form pairs or
clusters with the characteristic time of the order of 10h
with the clusterization rate having a fairly flat maximum
at around 0.3 K[49]. The o-Hy clusters may absorb and
emit phonons and also scatter them. These effects lead
to a decrease of the phonon mean-free path and increase
the time which they spend in the film before reaching the
substrate. This increases probability of atomic jumps in-
duced by the phonons and facilitates faster diffusion ob-
served in this work.

V. CONCLUSION

In conclusion, we carried out a study of H atom diffu-
sion in solid Hy at T=0.67 and 0.6 K in Hy films with
different thicknesses (0.16-2.5 um) and different ortho-
Hs content. The H atom diffusion was stimulated by
phonons created in the Hy film by running the rf dis-
charge above the sample. In all Hy, we studied, the pure
spatial H-atom diffusion was 1-2 orders of magnitude
faster than the diffusion obtained from the recombina-
tion rate of H atoms. In the latter case, the energy level
mismatch impedes tunneling motion at small distances.
We observed an order of magnitude faster accumulation
rate of H atoms in para-Hs samples as compared with
the samples prepared from n-Hs. The difference in accu-
mulation rates for H atoms in normal and para-Hs films
cannot be explained by a more efficient vibrational relax-
ation of excited Hy molecules in n-Hy samples. We sug-
gest a higher H atom mobility in pure p-Hs samples may
result in the higher H atom accumulation rate and their
faster recombination. Additional experimental and theo-
retical efforts are needed for explaining this phenomenon.
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